INTRODUCTION
============

Hyperpolarization-activated cation (HCN) current (termed I~f~, I~h~, or I~q~) contributes to the generation of spontaneous rhythmic activity in the heart and brain ([Brown et al. 1979](#Brownetal1979){ref-type="bib"}; [Brown and DiFrancesco 1980](#BrownandDiFrancesco1980){ref-type="bib"}; [Pape and McCormick 1989](#PapeandMcCormick1989){ref-type="bib"}; for reviews see [DiFrancesco 1993](#DiFrancesco1993){ref-type="bib"}; [Pape 1996](#Pape1996){ref-type="bib"}). The family of channels that produce these currents, known as HCN channels, has been cloned from mammalian tissues ([Ludwig et al. 1998](#Ludwigetal1998){ref-type="bib"}; [Santoro et al. 1998](#Santoroetal1998){ref-type="bib"}). These channels are related to depolarization-activated K^+^ channels (K~V~ channels), with six putative transmembrane domains. HCN channels also contain a cyclic nucleotide binding domain, similar to that of CNG channels, which is consistent with the direct modulation of native I~f~ by intracellular cAMP ([DiFrancesco and Tortora 1991](#DiFrancescoandTortora1991){ref-type="bib"}). One HCN homologue cloned from sea urchin, known as spHCN (or SPIH), shows some unique activation properties ([Gauss et al. 1998](#Gaussetal1998){ref-type="bib"}). In the absence of cAMP, spHCN channels mediate a current that rapidly inactivates. Increasing cAMP abolishes this inactivation, resulting in voltage activation properties that are quite similar to those of mammalian HCNs. Despite our knowledge of the voltage- and cAMP-dependent behavior of these channels, the molecular basis of HCN channel gating is yet unclear.

[Shin et al. 2001](#Shinetal2001){ref-type="bib"} demonstrated that the HCN channel blocker ZD7288 applied to the intracellular side blocks spHCN and mHCN1 channels rapidly at hyperpolarized voltages that open the channels, and more slowly at depolarized potentials that decrease the open probability. Also, in a triple point mutant channel that imparts the rapid voltage activation properties of spHCN to mHCN1, ZD7288 could be trapped in the channel by holding the blocked channel at a depolarized voltage. Together, these observations provide evidence for an intracellular activation gate because it appears that ZD7288, applied to the intracellular side of the channel, can enter and leave the pore only at voltages where the activation gate is opened. However, the ZD7288 molecule is larger than the Na^+^ or K^+^ ions that flow through the open channel. Thus, the presumed gating structure at the intracellular mouth of the HCN channel pore, although small enough to exclude ZD7288, may possibly allow Na^+^ or K^+^ to flow freely, and the activation gate for permeant ions may be found elsewhere.

In the present study, we sought to resolve whether the voltage gate for permeant ions in HCN channels is at the intracellular entrance to the pore using Cd^2+^ as a molecular gating probe. Because Cd^2+^ is closer in size to Na^+^ and K^+^ than ZD7288, it may better distinguish the gate for permeant ions from structures that can occlude larger molecules from the pore. Our approach was to engineer a high affinity binding site for Cd^2+^ in the pore of the spHCN channel using cysteine mutagenesis of residues in the pore-lining S6 region ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}). One such high affinity mutant was found at spHCN position 464. Currents through the mutant T464C channel were blocked irreversibly by Cd^2+^ applied to the intracellular side of the channel. The apparent blocking rate could be slowed by holding the channel closed at depolarized voltages, which is consistent with an intracellular gate that could prevent Cd^2+^ access to 464. The current could be recovered by applying the dithiol reagent DMPS to hyperpolarized, but not depolarized, channels, which is further consistent with an intracellular gate that can prevent DMPS access (and Cd^2+^ exit) while the channel is closed. Finally, Cd^2+^ could be trapped inside channels that were composed of WT/464C tandem-linked subunits that could otherwise recover spontaneously from Cd^2+^ inhibition.

These results provide evidence for a voltage-controlled structure at the intracellular mouth of an HCN channel that can gate the flow of metal cations through the pore, implying that the voltage activation gate for HCN channels may have a similar architecture to that of *Shaker* voltage-gated K^+^ channels ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}; [Yellen 1998](#Yellen1998){ref-type="bib"}), but may be coupled to the voltage sensor differently. A preliminary report of these findings has appeared in [Rothberg et al. 2001](#Rothbergetal2001){ref-type="bib"}.

MATERIALS AND METHODS
=====================

Expression of Recombinant spHCN Channels
----------------------------------------

spHCN (SPIH) channels were transiently expressed in human embryonic kidney 293 cells (HEK 293; American Type Culture Collection) as described previously ([Shin et al. 2001](#Shinetal2001){ref-type="bib"}). As in our previous experiments, we used a modified "wild-type" spHCN channel with the mutation M349I (in the S4 region of spHCN) to increase functional expression levels while leaving the qualitative features of wild-type activation and deactivation intact. Cells were cotransfected with the πH3-CD8 plasmid ([Seed and Aruffo 1987](#SeedandAruffo1987){ref-type="bib"}), which expresses the α subunit of the human CD8 lymphocyte antigen. Cells expressing the CD8 antigen were identified by decoration with antibody-coated beads ([Jurman et al. 1994](#Jurmanetal1994){ref-type="bib"}).

Construction of Tandem Dimers and Site-directed Mutagenesis
-----------------------------------------------------------

Point mutations were introduced by PCR ([Ausubel et al. 1996](#Ausubeletal1996){ref-type="bib"}) and confirmed by sequencing. The tandem dimer construct was generated by eliminating the stop codon of the "A" protomer and inserting the "B" protomer cDNA using an introduced KpnI site in the pcDNA4 expression vector. The full-length dimer contained the 10--amino acid linker GSGGTELGST connecting the former COOH terminus of the A protomer with the initial methionine of the B protomer.

Solutions and Electrophysiological Recordings
---------------------------------------------

All experiments were performed with excised inside-out patches ([Hamill et al. 1981](#Hamilletal1981){ref-type="bib"}) from identified transfected cells 1--2 d after transfection. Experiments were done at room temperature (22--24°C). Currents were low-pass filtered at 1--2 kHz and digitized at 5--50 kHz. The recording and rapid perfusion switching methods have been described previously ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}). Solutions bathing both sides of the membrane contained the following (in mM): 160 KCl, 0.5 MgCl~2~, and 10 HEPES, pH 7.4. The solution at the extracellular face of the patch additionally contained 1 mM EGTA, whereas solutions at the intracellular face of the patch contained 100 μM cAMP and either 20 μM EGTA (control solution) or CdCl~2~ with no EGTA (Cd^2+^ solution). Some experiments with the 459C mutant used the HCN channel blocker ZD7288 (Tocris) to distinguish between HCN current and endogenous background current. For experiments using 2,3-dimercapto-1-propanesulfonate (DMPS; Aldrich), the reagent was dissolved in intracellular solution containing 20 μM EGTA within a few minutes before use.

We observed a shift in the voltage activation midpoint (V~1/2~) for spHCN channels toward negative potentials after patch excision, from around −50 mV immediately after excision to a stable level of around −65 mV that was reached ∼4 min after excision; this was similar to the shift reported for mammalian HCN channels after patch excision ([Chen et al. 2001a](#Chenetal2001a){ref-type="bib"},[Chen et al. 2001b](#Chenetal2001b){ref-type="bib"}). Experiments for this paper were typically begun 3--4 min after excision, thus, we expect that this shift would have little effect on the results.

RESULTS
=======

Cysteines in the S6 Region of an HCN Channel Can Form Binding Sites for Cd^2+^ that Block Current or Modify Gating
------------------------------------------------------------------------------------------------------------------

We introduced cysteines individually at 14 different positions along the S6 transmembrane region of the spHCN channel (positions 459--472), and initially examined the gating characteristics of the mutants in the presence of 100 μM cAMP to prevent inactivation ([Gauss et al. 1998](#Gaussetal1998){ref-type="bib"}). Two of the mutants (463C and 469C) yielded no current when transfected into HEK293 cells. The gating of the 459C and 471C mutants showed a shift toward depolarized voltages, and closing was incomplete in the 459C mutant, even at +50 mV. In contrast, the gating of 465C was shifted slightly toward more hyperpolarizing voltages. The remaining 9 of the 14 mutants displayed gating that was similar to wild-type.

We tested the ability of each mutant to form a high affinity binding site for Cd^2+^ by applying 20 μM Cd^2+^ to the intracellular side of excised inside-out patches in the presence of 100 μM cAMP ([Fig. 1](#F1){ref-type="fig"}). Little effect of Cd^2+^ was seen for wild-type spHCN channels and the 460C mutant. Two other mutants (470C and 472C) showed moderate levels of inhibition (30--60%) in the presence of Cd^2+^. Four mutants (459C, 466C, 467C, and 471C) showed moderate inhibition (20--50%) by Cd^2+^, but also a prominent "lock-open" effect similar to that observed for the *Shaker* mutant 476C ([Holmgren et al. 1998](#Holmgrenetal1998){ref-type="bib"}). Closing kinetics were markedly slowed in the presence of Cd^2+^, and most or all time-dependent activation was replaced by an ohmic jump, representing current through channels that were chronically open. This effect was reversible upon washout of Cd^2+^, although the inhibitory effects of Cd^2+^ on these mutants often showed little recovery. Finally, the 462C mutant showed potentiation of the current in the presence of Cd^2+^, which also was rapidly reversible upon washout.

The remaining four mutants (461C, 464C, 465C, and 468C) were inhibited strongly (by \>80%) in the presence of 20 μM intracellular Cd^2+^. One of these, the 464C mutant, gave a particularly strong Cd^2+^ effect that was also irreversible. We focused on Cd^2+^ binding to this mutant to learn more about HCN channel gating.

Cd^2+^ Irreversibly Inhibits the 464C Mutant in the Open State
--------------------------------------------------------------

The effect of Cd^2+^ on this mutant was particularly potent (\>95% inhibition with 20 μM Cd^2+^), and did not recover even after pulsing to −110 mV for several minutes in the presence of 1 mM EGTA. The tight binding of Cd^2+^ in this mutant suggested that the Cd^2+^ might be coordinated by two or more cysteines, which may be positioned optimally facing the central axis of the pore to form a Cd^2+^ binding site.

Cd^2+^ application to closed channels produced only a small (∼10%) decrease in the current monitored by subsequent test pulses ([Fig. 2](#F2){ref-type="fig"}). However, when Cd^2+^ was applied to the same patch for only 2 s while the channels were held open at −110 mV, the current was \>95% inhibited. This experiment suggests that the cysteines at position 464 are accessible to Cd^2+^ from the intracellular side only while the channel is open.

If inhibition can only occur in open 464C channels, then the rate for Cd^2+^ inhibition should be correlated with the voltage dependence of channel open probability (P~open~). We next measured the apparent blocking rates for Cd^2+^ at different voltages. For each voltage, we used repeated brief applications of Cd^2+^, with intervening test pulses to −110 mV to monitor the reduction in current. The current remaining after each application was plotted as a function of cumulative Cd^2+^ application time to estimate the apparent rate constant at that voltage. The current decrease at each voltage was well described by a single exponential, which is consistent with inhibition of 464C channels by a single Cd^2+^. The reciprocal of the time constant gives an apparent rate that varied linearly with \[Cd^2+^\] (unpublished data), again consistent with the action of a single Cd^2+^. This rate was divided by \[Cd^2+^\] to give a second-order rate constant.

[Fig. 3](#F3){ref-type="fig"} shows that the rate constants plotted as a function of voltage correlated well with the relative P~open~ over the range of −110 to −30 mV. The binding of Cd^2+^ does not seem to have a large intrinsic voltage dependence because the inhibition rate constants for maximally opened channels was similar at different voltages (over the range of −70 to −110 mV; [Fig. 3](#F3){ref-type="fig"}). At +10 mV, the inhibition rate was ∼1,500-fold slower than the rate measured for maximally opened 464C channels. However, it was somewhat faster than that predicted by extrapolation of a simple Boltzmann fit if closed channels do not admit Cd^2+^ at all. This low rate at positive voltages may reflect the rate of Cd^2+^ entry into closed channels, or it may indicate that the P~open~ does not go to zero at these voltages (a limiting relative P~open~ of ∼6 × 10^−4^ would explain the result). In either case, these results are consistent with the accessibility of Cd^2+^ to 464C being regulated by a voltage-dependent activation gate positioned intracellular to this residue.

Cd^2+^ Is Bound by at Least Three Cysteines in the Pore of the 464C Mutant
--------------------------------------------------------------------------

As mentioned above, the very tight binding of Cd^2+^ to the 464C mutant suggests the involvement of multiple cysteines. Because the channel is expressed as a homotetramer, all four of the introduced cysteines at position 464 can potentially contribute to the binding site, if it lies on the pore axis. To learn how many of these cysteines are involved, we expressed spHCN channels as tandem dimers that enabled some control over the stoichiometry of mutant residues.

We introduced the 464C mutation into one protomer in a tandem dimer construct; the other protomer contained the wild-type residue T464 (dimer TC). If channels are always formed by two tandem dimers (TC/TC), then these channels will contain two cysteines at 464 instead of four. In patches excised from cells transfected with the TC construct, 20 μM Cd^2+^ inhibited \>80% of the current, but this effect was almost completely reversible upon washout ([Fig. 4](#F4){ref-type="fig"} A). This suggests that a channel containing two cysteines at 464 can be at least partially inhibited by Cd, but that two cysteines are not sufficient to bind Cd^2+^ irreversibly.

The majority of spHCN channels formed by two TC dimers probably contain cysteines at 464 in the two subunits diagonal from one another. Although these channels were not blocked irreversibly, two 464 cysteines, if they were located in adjacent subunits (closer to one another), might be sufficient for irreversible block. To test this possibility, we constructed one tandem dimer with cysteines at 464 in both protomers (CC) and another dimer composed of two wild-type protomers (TT). Cells containing both dimer constructs should contain a mixture of channels composed of either four wild-type subunits (TT/TT), four 464C subunits (CC/CC), or two wild-type and two 464C subunits (TT/CC). HEK293 cells were transfected with a mixture containing equal amounts of TT and CC expression plasmid. When expressed separately, the TT/TT channels are unaffected by Cd^2+^ and the CC/CC channels are completely and irreversibly inhibited by Cd^2+^ (not shown).

To test whether TT/CC channels are blocked reversibly or irreversibly, we first apply Cd^2+^ to achieve a maximal block of the mixture of channels. With the block at equilibrium, the remaining current should flow mainly through TT/TT channels. The patch is returned to the control solution. If no current recovers, this would suggest that two cysteines at 464 in adjacent subunits (as should be found in the TT/CC channels) are sufficient to bind Cd^2+^ irreversibly. In contrast, if some current recovers, this would suggest that two cysteines at 464 cannot form the irreversible Cd^2+^ binding site. What we see is that a portion of the current does recover upon washout ([Fig. 4](#F4){ref-type="fig"} B). Although the fraction of current that was reversibly inhibited by Cd^2+^ varied among cells, the proportions of reversible, partially reversible and irreversible current were consistent with a binomial distribution ([Table](#T1){ref-type="table"}), suggesting that TT and CC dimers did combine with one another to form the predicted mixture of channels. Also, when cells were cotransfected with a 1:3 mixture of CC:TT expression plasmids, both the Cd^2+^-insensitive fraction and the fraction of reversibly blocked current in the transfected cells was increased. This was further consistent with the supposition that the reversibly blocked current is through TT/CC channels.

It seems that although two cysteines at 464 are sufficient to form a Cd^2+^ binding site, the binding is not irreversible, regardless of whether the cysteines are in adjacent or diagonal subunits. To produce irreversible Cd^2+^ inhibition, three or four cysteines at 464 are required. For these cysteines to coordinate a single Cd^2+^, we must now assume that position 464 faces the central axis of the HCN channel pore. Cd^2+^ may inhibit current through these channels either by physically occluding the pore or by energetically stabilizing a closed conformation of the channel.

Is Access to 464C Controlled by an Activation Gate, or Do the 464 Cysteines Move Apart (or Become Buried) upon Closing?
-----------------------------------------------------------------------------------------------------------------------

The results of our dimer experiments, combined with the sharp voltage dependence of the Cd^2+^ blocking rate, suggest that Cd^2+^ can be coordinated by multiple cysteines near the central axis of the pore and that access to this binding site is governed by a voltage-dependent gate. However, it is also possible that the reduced binding of Cd^2+^ to closed channels occurs because the cysteines at 464 move apart from one another upon channel closing, leaving Cd^2+^ with no high affinity binding site. To distinguish between these possibilities, we used DMPS to facilitate Cd^2+^ release from blocked 464C channels. If access of DMPS to the binding site is impeded by a gate at depolarized voltages, then the current should recover more slowly at depolarized voltages than at hyperpolarized voltages. In contrast, if the cysteines move apart upon depolarization, then the current should recover more readily at depolarized voltages because the voltage-dependent movement of the cysteines should favor Cd^2+^ release. The experiment in [Fig. 5](#F5){ref-type="fig"} shows that in DMPS, the current recovers more slowly at depolarized voltages, which is consistent with access of DMPS being impeded by an intracellular gate when the channel is depolarized. This experiment further suggests that the gate of the channel is still somewhat functional, even when Cd^2+^ is bound.

Because the Cd^2+^-bound channel\'s activation gate may be functional, it should be possible to further determine whether Cd^2+^ binding introduces a strong energetic bias toward either the open or closed state of the channel by measuring the rate of current recovery (i.e., Cd^2+^ release) in DMPS at different voltages. For example, if the positions of the cysteines are more optimal to coordinate Cd^2+^ while the channel is opened, then we might expect the voltage dependence of recovery to be strongly shifted toward more depolarized voltages because the closed state would be energetically unfavored in the Cd^2+^-bound channel. [Fig. 6](#F6){ref-type="fig"} shows that a strong bias toward either the open or closed state is not introduced by Cd^2+^ binding. This suggests that the cysteines at position 464 do not move much during the gating process, despite their participation in the tight binding of Cd^2+^. It also suggests that Cd^2+^ inhibits the current not by locking the gate closed, but rather by physically occluding the pore.

Can Cd^2+^ Be Trapped Inside a Closed Channel?
----------------------------------------------

Although Cd^2+^ release from the 464C mutant in the presence of DMPS appears to be controlled by the voltage activation gate, it could still be argued that there is a gate that can exclude DMPS (a larger molecule than Cd^2+^) but would allow Cd^2+^ to pass freely if it were not bound so tightly by the 464 cysteines. To test this, we used the WT/464C (TC) tandem dimer, which is reversibly blocked by Cd^2+^, to perform a trapping experiment: we first block the channels with Cd^2+^, and then attempt to close the channels with voltage before returning to the Cd^2+^-free control solution. If there is an intracellular gate that can close completely while Cd^2+^ is bound, then we would expect the gate could trap Cd^2+^ inside the channels, so that they remain blocked while they are held at +10 mV and unblock only after they are opened again.

The results of such a trapping experiment are shown in [Fig. 7](#F7){ref-type="fig"}. The top trace shows the control experiment on Cd^2+^ dissociation from open channels. During a long activating pulse, Cd^2+^ is applied briefly to achieve maximal inhibition. Cd^2+^ is then washed out and replaced by an EGTA-containing solution to chelate any leftover Cd^2+^. The recovery that ensues has a small fast component, followed by the main component of τ ≈ 12 s. In the bottom trace, the fast component of recovery is permitted to occur, and then the voltage is stepped to close the blocked channels. (The fast recovery is comparable in rate to channel activation, so it is not possible to test this component for trapping.) When the channels are reopened after a 30 s step to +10 mV, almost no additional recovery has occurred. This indicates that Cd^2+^ was trapped in the closed channels.

The properties of Cd^2+^ blockade in the 464C mutant provide strong evidence for a gate at the intracellular entrance to the pore in spHCN channels. For additional insight into the geography of gating, we looked at the properties of three other mutants that were strongly inhibited by Cd^2+^.

DISCUSSION
==========

HCN Channels Appear to Have an Intracellular Gate like Kv Channels
------------------------------------------------------------------

The crystal structure of the bacterial KcsA channel pore reveals two regions with the potential to serve as a gate for permeant ions: a GYG-containing selectivity filter, located extracellular to the central pore cavity, and a crossing bundle of pore-lining helices, forming the intracellular end of the cavity ([Doyle et al. 1998](#Doyleetal1998){ref-type="bib"}). Functional studies aimed at distinguishing between these possibilities have so far indicated that the role of these two structures in gating may be different even in related channels. The *Shaker* voltage-activated K channel appears to gate at the intracellular entrance to the pore; closing this gate with hyperpolarization can prevent pore access to small MTS reagents ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}) and metal cations like Cd^2+^ and Ag^+^ ([del Camino and Yellen 2001](#delCaminoandYellen2001){ref-type="bib"}), applied from the intracellular side. In contrast, intracellular Ag^+^ can modify CNG channels equally well in either the open or closed state ([Flynn and Zagotta 2001](#FlynnandZagotta2001){ref-type="bib"}).

Although HCN channels have structural elements in common with both *Shaker* (six transmembrane regions, strongly charged S4, GYG sequence in selectivity filter) and with CNG channels (nucleotide binding domain), our results indicate that HCN channels may be gated strongly at the intracellular entrance to the pore, like *Shaker*. In our studies, HCN channels were opened and closed by voltage and not by nucleotide. Since voltage sensor movements and the movements induced by nucleotide binding may be quite different, these different activation modalities may affect gating changes in different parts of the pore. Since spHCN channels are themselves gated by cAMP, it will be important to examine whether a different voltage- and ligand gate operates within this single species of channel.

Although technical difficulties ([del Camino and Yellen 2001](#delCaminoandYellen2001){ref-type="bib"}) so far have precluded the use of Ag^+^ for our studies on HCN channels, the use of Cd^2+^ as a gating probe, with the spHCN mutant T464C to report Cd^2+^ access, is likely to have been a valid indicator of the location of the gate. The ionic radius of Cd^2+^ is small (97 pm), similar to that of Na^+^ (95 pm) and smaller than that of K^+^ (133 pm); thus, a gate that can prevent Cd^2+^ entry to the pore also may prevent the entry of permeant ions. High affinity binding sites for Cd^2+^ tend to require the close proximity of several sulfhydryl groups. The cysteines introduced at spHCN position 464 appear to form such a binding site. They are located in the pore-lining S6 helices. When 464C is present in all four subunits, Cd^2+^ can block the current irreversibly. When 464C is present in only two out of four subunits, Cd^2+^ can still block, but not irreversibly, indicating a reduced affinity. When 464C is absent (i.e., in wild-type spHCN), Cd^2+^ does not block. Finally, the gating of the 464C mutant appears very similar to that of wild-type spHCN. Although Cd^2+^ itself is not a permeant ion for these channels, its small size combined with its favorable chemistry render it a viable gating probe.

Cd^2+^ Bound Channels Appear to Have a Functional Voltage Sensor and Gate
-------------------------------------------------------------------------

Cd^2+^ inhibition of the 464C mutant could result either from a direct obstruction of the conduction pathway by Cd^2+^ or from Cd^2+^ binding outside of the conduction pathway that locks the gate closed. Two lines of evidence suggest that the gate of the 464C channels is not locked closed by Cd^2+^, but rather continues to open and close in response to voltage. First, the recovery of Cd^2+^-blocked channels in the presence of DMPS is much slower at depolarized voltages that should close the channel ([Fig. 5](#F5){ref-type="fig"}). Similarly, the release of Cd^2+^ from channels containing only two 464C subunits is prevented by depolarization ([Fig. 7](#F7){ref-type="fig"}). It also appears that the voltage sensors of Cd^2+^-bound channels are functional because the recovery rate of 464C current with DMPS shows a voltage dependence similar to that of gating ([Fig. 6](#F6){ref-type="fig"}). Finally, it seems that movement of the gate and voltage sensor might not involve a very large obligatory movement of the Cd^2+^ bound 464C residues because the inferred gating of Cd^2+^-bound 464C channels is not strongly shifted along the voltage axis ([Fig. 6](#F6){ref-type="fig"}).

All of these properties of Cd^2+^ blockade and recovery in the spHCN 464C mutant are strikingly similar to the *Shaker* mutant V474C ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}). It seems likely that spHCN T464 and *Shaker* V474 both face the center of the pore in these channels. However, sequence alignment of the S6 regions of these two channels suggests that spHCN T464 is actually the homologue of *Shaker* V478, which shows reversible Cd^2+^ inhibition and only weakly gated access even to large sulfhydryl reagents ([Liu et al. 1997](#Liuetal1997){ref-type="bib"}; [del Camino and Yellen 2001](#delCaminoandYellen2001){ref-type="bib"}). So even though Cd^2+^ can block current in cysteine mutants of both channels, the detailed structure, and, in particular, the point at which the S6 helices converge to form the "bundle crossing," is probably different. It will be interesting to learn if this different configuration is related to the inverted voltage dependence of HCN channels.
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The requirement of sulfhydryl proximity for tight Cd^2+^ binding is a likely explanation for the relatively low on-binding rate for Cd^2+^ in HCN channels (3.7 × 10^5^ M^−1^s^−1^ versus a diffusion-limited rate of ∼10^9^ M^−1^s^−1^). Presumably, the irreversible Cd^2+^ binding we monitor requires a very rapid, low affinity encounter of Cd^2+^ with a single sulfhydryl, followed by motion of other nearby sulfhydryls leading to irreversible Cd^2+^ trapping. Other factors (electrostatic and steric) also will help determine the binding rate. It is worth noting that the rate constant measured here is comparable to the Cd^2+^ on-rate constant for the *Shaker* V474C mutant (3.8 × 10^5^ M^−1^s^−1^; [del Camino and Yellen 2001](#delCaminoandYellen2001){ref-type="bib"}).

###### 

Predicted and Observed Fractions of Cd^2+^-inhibited HCN Current with Mixed Tandem Dimers

                                                    Experiment                   
  ------------------------------------------------- ------------ ------- ------- -------
  Transfected cDNA ratio (CC:TT)                    1:1          1:1     1:3     1:1
  Fraction irreversibly inhibited current           0.64         0.60    0.27    0.71
  Inferred CC:TT dimer expression ratio             4:1          3.3:1   1.1:1   5.3:1
  Predicted fraction TT/TT channels                 0.04         0.05    0.23    0.025
  Predicted fraction TT/CC channels                 0.32         0.35    0.50    0.265
  Predicted fraction reversibly inhibited current   0.27         0.30    0.42    0.23
  Observed fraction reversibly inhibited current    0.25         0.20    0.39    0.21

![Effects of Cd^2**+**^ on wild-type and S6 cysteine-substituted spHCN channels. Representative recordings from inside-out patches excised from HEK293 cells expressing wild-type (WT) or mutant spHCN before (o) or during (+) application of 20 μM intracellular Cd^2+^. Dashed lines represent zero current levels. Channels were held at +10 mV, and currents were elicited by a step to −110 mV, followed by a step to +30 mV. For 459C and D471C, channels were held at +50 mV and stepped to −90 mV, and then back to +50 mV. Currents were not leak-subtracted. Time scale bar (200 ms) applies to all currents except G461C (100 ms) and N465C (400 ms). Maximum inward currents for these traces: WT, 736 pA; F459C, 101 pA; I460C, 52 pA; G461C, 142 pA; H462C, 32 pA; T464C, 761 pA; N465C, 95 pA; L466C, 221 pA; I467C, 241 pA; Q468C, 826 pA; M470C, 178 pA; and S472C, 209 pA.](JGP8523.f1){#F1}

![Cd^2**+**^ inhibits the 464C mutant rapidly only when the channels are open. Channels were held at +10 mV, and current was monitored using test pulses (400 ms) to −110 mV (closed circles). Cd^2+^ (20 μM, horizontal bar) was applied for 25 s to closed channels (at +10 mV), resulting in ∼10% inhibition of current, which was irreversible. The same concentration of Cd^2+^ was then applied for 2 s to open channels (during a 5-s pulse to −110 mV, arrow), resulting in ∼95% inhibition of current, which was also irreversible. Linear leak current was subtracted, and currents were normalized to the mean pre-Cd^2+^ control level.](JGP8523.f2){#F2}

![Voltage dependence of the Cd^2**+**^ inhibition rate of 464C channels. Rate constants (closed squares) are plotted as a function of voltage (means of three to five experiments at each voltage; bars indicate ±SEM). Relative open probabilities (open circles) obtained from tail current measurements are shown for comparison (means of five experiments). The dotted line is a Boltzmann function fit to the relative open probabilities, assuming that open probability goes to zero with increasing depolarization. The dashed line is a Boltzmann function fit with the Cd^2+^ inhibition rates, with a minimum rate of ∼200 M^−1^s^−1^.](JGP8523.f3){#F3}

![Cd^2**+**^ inhibition is reversible in channels containing only two cysteines at position 464. (A) Reversible Cd^2+^ inhibition in channels composed of TC tandem-linked subunit dimers ([results]{.smallcaps}). The TC/TC channels were ∼80% inhibited in 6 μM Cd^2+^, and the current recovered to near control levels in ∼2 min. The channels were ∼86% inhibited during a subsequent application of 20 μM Cd^2+^. (B) Cd^2+^ inhibition in patches containing a mixture of channels composed of TT and CC dimers ([results]{.smallcaps}). In this experiment, the initial application of 20 μM Cd^2+^ inhibited ∼90% of the current (CC/CC + TT/CC channels). Upon removal of Cd2+, ∼25% of the current recovered in ∼2 min (TT/CC channels). 65% of the current was blocked irreversibly (CC/CC channels). The recovered 25% could again be reversibly blocked by a subsequent application of 20 μM Cd^2+^. The remaining 10% of the current was unaffected by Cd^2+^ (mostly TT/TT channels). For both A and B, channels were held at +10 mV, and current was monitored using 400-ms test pulses to −110 mV (closed circles). Linear leak current was subtracted, and currents were normalized to the mean pre-Cd^2+^ control level.](JGP8523.f4){#F4}

![Recovery of Cd^2**+**^-bound 464C channels is prevented by depolarization. 464C channels were held at +10 mV, and current was monitored using test pulses (400 ms) to −110 mV (closed circles). Channels were blocked with Cd^2+^ (20 μM, arrow) applied during a 5-s pulse to −110 mV. Little or no spontaneous recovery occurred with Cd^2+^ washout. DMPS (1 mM, horizontal bar) application was started while the channels were held at +10 mV. Little recovery was seen upon an initial test pulse in DMPS. Subsequent test pulses in DMPS speeded up recovery, and a long pulse (8 s) to −110 mV recovered the remaining blocked channels.](JGP8523.f5){#F5}

![Voltage dependence of recovery rate for Cd^2**+**^-bound 464C channels in the presence of 1 mM DMPS. Recovery rates (closed squares) are compared with relative open probabilities (open circles) for 464C channels. Each rate represents the mean of three experiments at each voltage. The dotted line is a Boltzmann function fit to the relative open probabilities. There is little difference between Cd^2+^ blocked and unblocked 464C channels in the voltage dependence of gating.](JGP8523.f6){#F6}

![Cd^2**+**^ can be trapped in closed TC/TC channels. Current from an inside-out patch containing TC/TC channels, which contain cysteines at 464 in two of four subunits (see [results]{.smallcaps} and [Fig. 4](#F4){ref-type="fig"} A). In the top trace, channels were held open at −90 mV and blocked with Cd^2+^ (20 μM, horizontal bar). Cd^2+^ was removed, and the current recovered over the next 30 s. A subsequent test pulse (500 ms at −90 mV) shows activation of the recovered channels. In the bottom trace, channels were held open at −90 mV and blocked with the same concentration of Cd^2+^. After allowing for a fast component of recovery ([results]{.smallcaps}), a brief test pulse (500 ms at −90 mV) was given to measure the initial level of block. We attempted to hold the channels closed at +10 mV for 30 s. A subsequent test pulse showed that almost no recovery occurred after the initial test pulse, indicating that Cd^2+^ had been trapped.](JGP8523.f7){#F7}
